Introduction {#sec1}
============

S6 kinases are members of the AGC serine/threonine kinases of the RSK family, exhibit high homology within their catalytic domain, and are activated by the phosphorylation of a critical residue within the activation loop by phosphoinositide dependent kinase 1 (PDK1). Yeast contains one S6 kinase called Sch9, and humans contain two isoforms called S6K1 and S6K2. S6 kinases act downstream of phosphatidylinositol (3,4,5)-triphosphate (PIP~3~) in the phosphatidylinositide 3-kinase (PI3K) pathway. Phosphorylation of serine and threonine residues in the C-terminal regulatory domain leads to the phosphorylation of a S6K activation loop residue by PDK1 (residue 252 on the longer splice variant of S6K1).^[@ref1]^ In addition to PDK1, mTOR is also involved in the activation of S6K1^[@ref2]^ and phosphorylates S6K1 at residue T412.

S6 kinases are associated with many cellular processes, including protein synthesis, mRNA processing, cell growth, and cell survival. S6K1 and S6K2 phosphorylate and activate the 40S ribosomal protein S6, which promotes protein synthesis through an increased rate of mRNA transcription.^[@ref3]^ S6K1 also regulates cell size and progression through the cell cycle,^[@ref4]−[@ref6]^ in addition to promoting cell survival by inactivating the proapoptotic protein BAD.^[@ref7]^

The aberrant activation of S6 kinases has been shown to play a role in many disease conditions, including diabetes, obesity, aging, and cancer.^[@ref8]−[@ref10]^ Many melanoma cells harbor constitutive activation of the PI3K-AKT pathway, which results in AKT phosphorylation and leads to activation of the downstream targets mTOR and S6K1.^[@ref11]^ This increase in phosphorylation by S6K1 mediates increased protein translation and cell growth. Treatment with rapamycin, an allosteric mTOR inhibitor, leads to significant dephosphorylation of S6K1 and decreased cell growth.^[@ref12]^ However, treatment with mTOR inhibitors abrogates feedback inhibition of other pathways,^[@ref13]^ which in part leads to side effects such as hyperglycemia, hypercholesterolemia, and hyperlipidemia.^[@ref14]^ Because of this, inhibition of S6K1 represents an alternative therapeutic strategy that may bypass the limitations of mTOR inhibition.

We have previously reported on the development of ATP competitive organometallic kinase inhibitors with high potency and specificity. These inhibitors are structurally inspired by the class of indolocarbazole alkaloids, such as staurosporine, but use a transition metal ion that coordinates up to six ligands to replace the carbohydrate moiety of staurosporine.^[@ref15]^ The scaffold design includes a bidentate ligand that is able to target the metal complexes to the ATP-binding site. This mimics ATP and conventional indolocarbazole inhibitors, while the increased size of the bulky transition metal complex allows for exploration of additional chemical space at the edges of the ATP binding site specific to each kinase. Despite being conventional ATP-competitive inhibitors, the combination of unusual globular shape and rigid characteristic of these complexes facilitates the design of highly selective protein kinase inhibitors. It is worth noting that the coordinative bonds to the transition metal are considered to be kinetically stable and are expected to remain intact when exposed to the biological environment, thus avoiding metal-related cytotoxicities.^[@ref16]−[@ref18]^ However, druglikeness of such complexes, including metabolic stability, bioavailability, and pharmacokinetic properties, is not established yet and is subject to current studies. Regardless, this strategy has led to the development of specific and potent kinase inhibitors for GSK3,^[@ref17]^ PIM1,^[@ref19]^ PI3K,^[@ref20]^ MST1,^[@ref21]^ and BRAF^V600E^.^[@ref22]^

Here, we present data on the development of potent and specific organometallic S6K1 inhibitors, EM5 and FL772. We show that FL772 binds to S6K1 with an IC~50~ value in the single digit nanomolar range at 100 μM ATP and that the more potent FL772 compound has a greater than 100-fold specificity over S6K2. Crystal structures of the S6K1 domain bound to the pan-kinase inhibitor staurosporine, EM5, and FL772 reveal that the organometallic inhibitors bind in the ATP binding pocket in a way that is distinct from staurosporine, likely explaining their more favorable potency and selectivity. Cellular data demonstrate that FL772 is able to inhibit S6K phosphorylation in yeast cells. The data provide an important starting point for the development of S6K inhibitors for possible therapeutic applications.

Results {#sec2}
=======

Identification of First Generation Organometallic Ruthenium Inhibitors with Potency and Specificity for S6K1 {#sec2.1}
------------------------------------------------------------------------------------------------------------

Inhibitors for S6K1 were initially identified through Millipore KinaseProfiler ([Supporting Table 9](#notes-2){ref-type="notes"}). Ten different staurosporine-inspired organometallic ruthenium complexes were screened against a diverse panel of 283 protein kinases. This screen led to the identification of EM5 as a potential inhibitor of S6K1, with 7% activity at a concentration of 100 nM in the presence of 10 μM ATP. EM6, a similar complex replacing the isothiocyanate functional group with an isocyanate (Figure [1](#fig1){ref-type="fig"}A), inhibited significantly less, exhibiting 54% activity under the same conditions. In the kinase panel, the EM5 inhibitor inhibited only 41 kinases (16%) to less than 10% activity, including S6K1 and the related S6K family members RSK1, RSK2, RSK3, and RSK4.

![First generation organometallic ruthenium inhibitors exhibit potency and specificity for S6K1. (A) EM5 and EM6, two organometallic ruthenium compounds, use a similar structure to mimic the pan-kinase inhibitor, staurosporine. EM6 replaces the isothiocyanate functional group with an isocyanate. (B) A radioactive kinase assay was used to determine the activity of five different protein constructs of S6K1. (C) Staurosporine (dotted line), EM5, and EM6 were assayed against S6K1(1--421, T412E) PDK1 activated in a radioactive kinase assay at 100 μM ATP. The assay was performed in triplicate.](jm-2014-011868_0002){#fig1}

A radioactive kinase assay was used to determine the activity of S6K1 protein constructs prepared in baculovirus-infected insect cells in order to identify a construct that would be suitable for inhibitor testing. Initial tests showed that the full-length αI isoform of S6K1 (S6K(1--525)) and the isolated kinase domain (S6K(84--384)) had low kinase activity, although the full-length kinase showed more activity than the kinase domain (Figure [1](#fig1){ref-type="fig"}B). We reasoned that the S6K1 protein constructs had low kinase activity because the full-length kinase contained the C-terminal autoinhibitory domain. To address this issue and express a more active kinase for further inhibitor studies, we prepared a S6K1(1--421) construct including both the T252 and T412 phosphorylation sites, based on previous data from Keshwani et al.^[@ref23]^ indicating that the catalytic domain of the S6K1 aII isoform (residues 1--398) analogous to S6K1(1--421) of the αI isoform was highly expressed in insect cells. To further enhance the catalytic activity of S6K1(1--421), we prepared the T412E mutant to mimic phosphorylation at this position and coexpressed the protein with PDK1 to promote phosphorylation of T252. Preparation of the S6K1(1--421, T412E, PDK1 activated) protein resulted in highly active kinase that was suitable for inhibition studies in vitro (Figure [1](#fig1){ref-type="fig"}B).

Both EM5 and EM6 were assayed against S6K1(1--421, T412E, PDK1 activated) in a radioactive kinase assay and determined to have IC~50~ values of 33.9 nM and 23.5 μM, respectively, at 100 μM ATP (Figure [1](#fig1){ref-type="fig"}C). For comparison, we also determined the IC~50~ of the nonspecific kinase inhibitor staurosporine, which had an IC~50~ value of 64.1 nM under the same conditions. Given the apparent specificity and potency of EM5, it became the lead structure for the development of second-generation organometallic S6K1 inhibitors.

EM5 Binds to S6K1 in the ATP Binding Pocket in an Unusual Conformation {#sec2.2}
----------------------------------------------------------------------

Our initial attempts to cocrystallize the S6K1 kinase domain (S6K1KD, residues 84--384) bound to EM5 using several factorial screens were unsuccessful. However, we were able to reproduce the crystals reported by Sunami et al.^[@ref24]^ of the S6K1 kinase domain in complex with staurosporine. We then soaked these crystals with high concentrations of the EM5 inhibitor in the hope of exchanging EM5 for staurosporine in the crystals. The EM5-soaked crystals diffracted to about 2.5 Å resolution and formed in space group *P*2~1~ with two molecules per asymmetric unit. The structure was refined to *R*~work~ and *R*~free~ values of 19.15% and 22.21%, respectively, with excellent geometry (Table [1](#tbl1){ref-type="other"}). During the refinement process, the inhibitors were modeled only after the protein was fully refined.

###### Data and Refinement Statistics for S6K1 Bound to EM5/Staurosporine and FL772

                                      EM5/Stu                       FL772
  ----------------------------------- ----------------------------- -----------------------------
  resolution range (Å)                49.03--2.527 (2.618--2.527)   29.91--2.794 (2.893--2.794)
  space group                         *P*12~1~1                     *C*222~1~
  unit cell                                                          
  *a* (Å)                             78.515                        62.13
  *b* (Å)                             62.882                        126.371
  *c* (Å)                             86.718                        110.571
  α (deg)                             90                            90
  β (deg)                             94.02                         90
  γ (deg)                             90                            90
  total reflections                   110 916                       47 648
  unique reflections                  28 440 (2745)                 10 829 (1028)
  multiplicity                        3.9 (3.3)                     4.4 (4.2)
  completeness (%)                    99.71 (97.10)                 97.06 (90.33)
  mean *I*/σ(*I*)                     21.3 (4.1)                    15.0 (2.0)
  Wilson *B*-factor                   43.06                         51.11
  *R*~meas~ (%)                       7.9 (40.7)                    8.9 (67.8)
  *R*~work~ (%)                       19.15 (23.61)                 20.63 (29.64)
  *R*~free~ (%)                       22.21 (26.70)                 23.01 (32.07)
  no. of non-H atoms                  4240                          2114
  protein                             4048                          2040
  ligands                             110                           47
  solvent                             82                            27
  rms (bonds (Å)/angles (deg))        0.015/1.25                    0.012/1.03
  Ramachandran (% favored/outliers)   95.0/0                        95.0/0
  average *B*-factor                  40.7                          55.0
  protein                             40.6                          55.0
  ligands                             43.8                          65.0
  solvent                             37.3                          38.8

Similar to the previously published structures of the S6K1 kinase domain,^[@ref24],[@ref25]^ the kinase domain is bilobal, consisting of an N-lobe composed largely of β-sheet and a C-lobe that is mostly α-helical. The crystal structure revealed that one protein molecule in the asymmetric unit was bound to staurosporine, while the other molecule was bound to EM5 in the same ATP binding site. This was confirmed by a 25σ *F*~o~ -- *F*~c~ difference peak corresponding to the ruthenium atom in the ATP binding sites of one of the molecules before the inhibitor models were built into the electron density map (Figure [2](#fig2){ref-type="fig"}A). This confirms that the EM5 inhibitor is an ATP-competitive inhibitor. The staurosporine and EM5-bound molecules in the asymmetric units are similar to each other with an overall rmsd of 0.68 Å for the shared atoms.

![EM5 binds to S6K1 in the ATP binding pocket. (A) The electron density map of EM5 (contoured at 12σ) corresponds to the ruthenium atom of the inhibitor. (B) Interactions between staurosporine and S6K1. Hydrogen bonds are shown as a dashed line, while other interacting residues are labeled. (C) Interactions between EM5 and S6K1. (D) Notable changes between the EM5 and staurosporine bound structures are shown. This includes a change to the activation loop due to EM5 interactions with G100 and V105 and a shortening of two turns to the αD helix resulting from an interaction with E179. (E) Close-up around the αC helix, which is more ordered in the EM5-bound structure because of an interaction between F237 and L147, and a hydrogen bond between K123 and E143.](jm-2014-011868_0003){#fig2}

Although both staurosporine and EM5 bind in the ATP binding pocket, the more elaborate EM5 compound makes more extensive interactions, correlating with its greater S6K1 potency than staurosporine. Staurosporine forms hydrogen bonds to S6K1 through the backbone oxygen of Glu-222 of the kinase with the nitrogen of the methylamine of staurosporine, and the backbone nitrogen of Leu-175 and backbone oxygen of Glu-173 of the kinase hinge region contact the pyrrolidone oxygen and nitrogen of staurosporine, respectively. The ring system of staurosporine also makes van der Waals contacts to Leu-97, Lys-99, Gly-98, Val-105, Ala-121, Tyr-174, Glu-179, and Met-225 (Figure [2](#fig2){ref-type="fig"}B).

The EM5 compound retains two hydrogen bonds between the backbone atoms of the hinge residues (Glu-173 and Leu-175) and the maleimide ring of EM5 and all of the van der Waals interactions with the EM5 ring system (Figure [2](#fig2){ref-type="fig"}C). However, in addition to these contacts, EM5 makes additional protein interactions between the ruthenium coordination sphere and the protein. In particular, the additional isothiocyanate group of EM5 makes van der Waals interactions with Gly-100 and Val-105 of the kinase p-loop while the trithiacyclononane ligand makes van der Waals contacts to Gly-100 of the p-loop and Glu-179 and Glu-222 across from the p-loop where the protein substrate is likely to bind and Thr-235 and Asp-236 of the activation loop. Notably, each of these residues (Glu-179, Glu-222, Thr-235, and Asp-236) undergoes a dramatic movement toward the EM5 inhibitor relative to their positions in the staurosporine complex (Figure [2](#fig2){ref-type="fig"}D). The binding of EM5 to S6K1 also introduces significant structural changes in the kinase relative to the staurosporine complex, and these structural changes appear to be indirectly caused by the 1,4,7-trithiacyclononane ligand of the EM5 inhibitor. The αD helix of the staurosporine complex is about two turns longer at its N-terminus than the corresponding helix of the EM5 complex where the corresponding segment takes on a β-strand conformation. This structural difference appears to be driven by the interaction of the tridentate ligand of EM5 with Glu-179.

On the opposite side of the inhibitor, the staurosporine complex contains an activation loop that is folded toward the ATP active site in an inactive conformation and does not have an ordered αC helix, as previously reported.^[@ref25]^ Strikingly, the EM5 complex contains a well-defined αC helix of about two turns. The difference in disposition of the αC helix in the two structures appears to be nucleated around the N-terminal region of the activation loop that undergoes about a 6 Å movement toward the EM5 inhibitor relative to staurosporine. The movement of the activation segment toward the EM5 inhibitor appears to be mediated by the van der Waals interactions that are made between Thr-235 and Asp-236 with the trithiacyclononane ligand of EM5 (Figure [2](#fig2){ref-type="fig"}D). This in turn provides enough room for the αC helix to form and to be stabilized by van der Waals interactions between Phe-237 of the activation loop and Leu-147 of the αC helix and a hydrogen bonding between Lys-123 of the small domain and Glu-143 of the αC helix (Figure [2](#fig2){ref-type="fig"}E). Interestingly, these interactions are characteristic of the active conformations of kinases, even though the activation segment is in an inactive conformation. In contrast, the more out conformation of the activation loop of the staurosporine structure places Phe-237 and Asp-236 in positions that sterically occlude formation of the αC helix (Figure [2](#fig2){ref-type="fig"}D). Taken together, while staurosporine binding to S6K1 places it in the inactive conformation, the S6K1/EM5 complex has characteristics of both the inactive and active kinase conformations.

Development of Second-Generation Organometallic Inhibitors {#sec2.3}
----------------------------------------------------------

The EM5 inhibitor bound to S6K1 with an IC~50~ value in the mid-nanomolar range, and a cocrystal structure confirmed that the inhibitor was binding in the ATP pocket of the kinase domain. As a result, EM5 was a promising lead structure for the design of more selective and potent S6K1 inhibitors. Previous data indicate that modifications to the pyridocarbazole moiety or the coordination sphere can have significant effects on binding affinities or kinase selectivity,^[@ref26]^ and the structure of the S6K1/EM5 complex indicated several positions where chemical elaboration could enhance specificity for the kinase. A series of 64 derivatives of EM5 were designed with modifications at the pyridcarbazole heterocycle and the remaining ligand sphere and were tested for inhibition of S6K1 activity using both a radioactive kinase assay ([Supporting Information Figure 3A](#notes-2){ref-type="notes"}) and an ADP-Glo assay with 1 μM compound.^[@ref27]^ Twenty-five of these inhibitors were further screened using 250 nM compound (Figure [3](#fig3){ref-type="fig"}A). The eight compounds that inhibited S6K1 to less than 25% activity, the equivalent of EM5, were assayed to determine their IC~50~ values (at 100 μM ATP). This analysis produced several compounds that inhibited S6K1 similarly or more potently than EM5 including SEK-222 (IC~50~ = 18.9 nM), SEK-243 (IC~50~ = 15.9 nM), SEK-214 (IC~50~= 14.8 nM), SEK-220 (IC~50~= 7.7 nM), and FL772 (IC~50~ =7.3 nM) ([Supporting Information Figure 3B](#notes-2){ref-type="notes"}). Compound FL772 (Figure [3](#fig3){ref-type="fig"}B) showed the most potent inhibition with an IC~50~ of 7.3 nM, (100 μM ATP and 2 nM of enzyme) (Figure [3](#fig3){ref-type="fig"}C).

![Second generation organometallic ruthenium inhibitors have increased potency for S6K1. (A) The 25 top derivatives of EM5 were assayed against S6K1 in a radioactive kinase assay, using 100 μM ATP and 250 nM S6K1. (B) Structure of the FL772 inhibitor, which showed the most potent inhibition of S6K1. The 1,4,7-trithiacyclononane ligand of EM5 is replaced by a 1,4,7-trithiacyclodecane bearing a methylated amino group in FL772. (C) Radioactive kinase assay of FL772 against S6K1 reveals an IC~50~ of 7.3 nM. (D) Radioactive kinase assay of FL772 against S6K2 shows an IC~50~ of 975 nM. (E) Radioactive kinase assay of PF-4708671 against S6K1 indicates an IC~50~ of 142.8 nM. Panels C, D, and E employed 100 μM ATP and 2 nM of the respective kinase.](jm-2014-011868_0004){#fig3}

Characterization of the FL772 S6K1 Inhibitor {#sec2.4}
--------------------------------------------

Testing the FL772 inhibitor at a range of concentrations from 1 μM ATP to 500 μM ATP resulted in an increase in the IC~50~ value concurrent with increasing ATP concentrations from 3.91 nM at 1 μM ATP to 25.79 nM at 500 μM ATP, confirming that FL772 is an ATP competitive inhibitor ([Supporting Information Figure 4](#notes-2){ref-type="notes"}).^[@ref27]^

To assess the specificity of FL772 for the S6K1 isoform, we also assayed the FL772 compound against recombinant S6K2 (Figure [3](#fig3){ref-type="fig"}D), which resulted in an IC~50~ value of 975.0 nM, more than 100-fold greater than the IC~50~ value for S6K1. This confirms that the FL772 is indeed specific for the S6K1 isoform over the S6K2 isoform. For comparison, we tested the published S6K1 inhibitor PF-4708671^[@ref28]^ against S6K1 using the radioactive kinase assay in order to compare the potency of our compound with another specific S6K1 inhibitor (Figure [3](#fig3){ref-type="fig"}E). The IC~50~ of PF-4708671 against S6K1 was determined to be 142.8 nM, nearly 20-fold higher than the IC~50~ of FL772 against S6K1.

To establish the kinase selectivity profile of FL772, we submitted the compound at a concentration of 100 nM to the KinomeScan profiling of Lead Hunter Discovery Services using 456 kinases ([Supporting Information Table 10](#notes-2){ref-type="notes"}). FL772 demonstrated a high degree of kinase selectivity, with only 10 of 456 (2.2%) kinases showing less than 10% activity and only 26 of 456 (5.7%) kinases showing less than 35% activity ([Supporting Information Figure 2](#notes-2){ref-type="notes"}). Like EM5, FL772 showed binding to the CAM, DAP, FLT, PIM, and RSK family member kinases. Unexpectedly, S6K1 itself exhibited 71% activity in the KinomeScan set of Lead Hunter Discovery Services with 70 of 456 (15.3%) showing a higher degree of binding than S6K1. The potency of FL772 therefore appears to be greater against S6K1 prepared by us than S6K1 prepared by Lead Hunter Discovery Services. We hypothesize that the different S6K1 kinase preparation and/or phosphorylation state by Lead Hunter Discovery Services leads to the different FL772 potencies for S6K1 measured by us and Lead Hunter Discovery Services. Nonetheless, taking together our analysis of FL772 against S6K1 and the kinase profiling results, we conclude that FL772 exhibits a high degree of kinase selectivity.

FL772 is based on the EM5 lead structure and differs by a methylated hydroxy group at the pyridocarbazole moiety and the thioether-containing tridentate ligand. The nine-membered ring of the symmetrical 1,4,7-trithiacyclononane ligand is replaced by a prochiral 1,4,7-trithiacyclodecane bearing a basic *N*-methylamino group in the 10-membered cyclic tridentate ligand. These structural changes in the tridentate ligand significantly increase the structural complexity of the inhibitor which is exemplified by the number of possible stereoisomers.

To determine the molecular basis for the increased potency of FL772 over EM5, we determined the X-ray crystal structure of FL772 in complex with S6K1 to 2.7 Å resolution (Table [1](#tbl1){ref-type="other"}). The overall structure for the FL772-bound S6K1 is very similar to the EM5-bound structure, with an rmsd of 0.54 Å for all atoms. In particular the p-loop and activation loop and αD and αC helices take on nearly identical conformations, although the αC-helix is about one turn shorter at its N-terminal end (Figure [4](#fig4){ref-type="fig"}A). In addition, the FL772 inhibitor retains all of the interactions made by EM5 but makes some additional interactions including a hydrogen bond between the backbone carbonyl of Lys-99 of the kinase p-loop with the amine ligand of the *N*-methyl-1,4,7-trithiacyclodecan-9-amine ligand while the methyl group makes a van der Waals interaction with Tyr-174 of the kinase hinge region (Figure [4](#fig4){ref-type="fig"}B). These additional interactions of FL772 likely contribute to the greater potency of FL772 over EM5. The protrusion of the amine ligand into the region where protein substrate binds for phosphorylation probably also contributes to the greater inhibitor potency.

![FL772 makes complementary interactions with S6K1. (A) Comparison of the S6K1 structures with EM5 and FL772. The αC helix of S6K1 is one turn shorter at its N-terminal end of the FL772-bound structure compared to the EM5-bound structure. (B) Interactions between FL772 and S6K1. Hydrogen bonds are shown as a dashed line, while other interacting residues are labeled. FL772-specific interactions that are not made on the EM5-bound structure are highlighted in darker shade. This includes interactions between Y174 and the ether methyl group and the K99 backbone carbonyl with the amine group of the tridentate ligand.](jm-2014-011868_0005){#fig4}

Cellular Properties of FL772 {#sec2.5}
----------------------------

After establishing that FL772 functions as a potent ATP competitive S6K inhibitor in the in vitro radioactive kinase assay, we carried out studies to characterize its activity in cells. We first tested FL772 for overall cell cytotoxicity and downregulation of phosphorylation of S6 in the 451Lu (BRAF^V600E^ mutant) and 451Lu-MR (BRAF/MEK-inhibitor resistant) melanoma cell lines. Cells were treated with vehicle or a dose of inhibitor ranging from 0.001 to 10 μM for 22 h (Figure [5](#fig5){ref-type="fig"}A). The 451Lu or 451Lu-MR cell lines exhibited neither a significant decrease in S6 phosphorylation nor a decrease in cell viability as indicated by the absence of cleaved PARP. There was also no change in total S6 or peEF2K levels, indicating that mTOR was not a target of FL772.

![FL772 does not inhibit S6 phosphorylation in human melanoma cells but does inhibit S6 phosphorylation in yeast cells. (A, B) Western blot of human cells treated with FL772. (A) 451Lu or 451Lu-MR cells were treated with increasing concentrations of FL772 or vehicle for 22 h. Cells were lysed and blotted for pS6 and other downstream effectors of S6K1. (B) 293T cells were treated with FL772, FL1324 (a similar organometallic ruthenium compound), a previously reported S6K1 inhibitor, PF-671 (4708671), or a previously reported dual mTORC1 and mTORC2 inhibitor, AZD8055, for 3 or 16 h. (C) Western blot of yeast cells treated with FL772. BY4742 budding yeast cells were treated with FL772 for 4 h. Cells were lysed and blotted for pS6. Quantitative Western blot signals were detected by Li-Cor, and the relative pS6 levels were calculated by normalizing raw pS6 measurements to GAPDH signals. (∗) *p* \< 0.05 (two-tailed Student *t* test, *n* = 3).](jm-2014-011868_0006){#fig5}

We also investigated the effect of FL772 in 293T cells at both 3 and 16 h of treatment (Figure [5](#fig5){ref-type="fig"}B). As controls, we included the compounds AZD8055, PF-4708671, and FL1324. AZD8055 is an ATP-competitive dual mTORC1 and mTORC2 inhibitor that inhibits the phosphorylation of mTORC1 substrates S6K1 and 4EBP1 and the mTORC2 substrate AKT.^[@ref29]^ PF-4708671 is a reported S6K1 inhibitor that does not affect the phosphorylation of AKT. The compound FL1324 is an FL772 analogue identified in our screen that inhibited S6K1 with an IC~50~ of 11 nM (Figure [3](#fig3){ref-type="fig"}A). FL1324 replaces the fluorine of EM5 with a hydroxyl group and is thus a less polar molecule. Since previous studies using PF-4708671 demonstrated a significant reduction in S6 phosphorylation in 293T cells in 30 min,^[@ref28]^ we tried both a short (3 h) and long (16 h) time point for treatment. As expected, the AZD8055 mTOR inhibitor showed a significant decrease in pS6 levels at both the S235 and S240 sites, along with a decrease in pAKT at T308 and S473. The PF-4708671 compound showed a modest decrease in phosphorylation of S6 at the 3 h time point, but this phosphorylation returned to near basal levels by the 16 h time point. There was no effect on the phosphorylation of AKT. Notably, neither the FL772 nor the FL1324 compound inhibited phosphorylation of S6 or AKT. Together, these results suggest either that the FL772 inhibitor has poor cell membrane permeability or that inhibition of S6K1 in cells does not significantly reduce S6 phosphorylation. The latter possibility is consistent with the fact that the structurally unrelated compound PF-4708671 also shows poor inhibition of S6 phosphorylation in cells and the observation that S6K2 also targets S6 for phosphorylation.^[@ref30]^

To test if FL772 can inhibit S6 phosphorylation in a setting where S6K2 was not present, we investigated the ability of FL772 to inhibit S6 phosphorylation in budding yeast where a single kinase, Sch9p, is orthologous to human S6K1. We observed that treatment of wild-type budding yeast cells (BY4742) with FL772 significantly decreased the level of phosphorylated S6 in a dose-dependent manner (Figure [5](#fig5){ref-type="fig"}C). At the highest dosage, S6 phosphorylation was reduced to a level similar to the sch9p knockout strain. These data suggest that FL772 functions as an inhibitor of S6 kinases in vivo in a yeast cellular system.

Discussion and Conclusions {#sec3}
==========================

In this study, we developed an organometallic ruthenium compound to inhibit S6K1. Using the Millipore KinaseProfiler and radioactive kinase assays, we showed that the EM5 lead compound was a potent and selective S6K1 inhibitor, with 100 nM compound inhibiting 93% of S6K1 activity and only inhibiting 16% of 283 kinases by less than 90%. We found that the EM6 analogue in which an isocyanate group replaces an isothiocyanate is about 1000-fold less potent, implying that potency and specificity could be further optimized. A crystal structure of EM5 bound to S6K1 provided important molecular insights into EM5 inhibition of S6K1 and led to the development of FL772, a compound containing a novel ligand scaffold with an IC~50~ in the single digit nanomolar range for S6K1. A crystal structure of FL772 bound to S6K1 revealed the molecular basis for the compound's potent and selective inhibition of S6K1.

In order to investigate the efficacy of the FL772 inhibitor in cells, we evaluated the inhibitor in both human 293T and BRAF^V600E^ mutant melanoma cells and in budding yeast. We found that FL772 was only able to inhibit S6 phosphorylation in yeast cells, suggesting that either the compound is unable to enter human cells, a significant shift in the IC~50~ of the compound occurs in the presence of physiological levels of ATP, or the uninhibited activity of S6K2 in human cells was sufficient to maintain S6 phosphorylation. Given that ruthenium compounds similar to FL772 have been used to successfully target MST1,^[@ref21]^ PAK1,^[@ref31]^ and PI3K^[@ref20]^ in cells, we do not believe that the ruthenium compounds are unable to penetrate cells. The radioactive kinase assay prohibits measurements at physiological levels of ATP, but we were able to assay the activity of FL772 against S6K1 using an ATP range from 1 to 500 μM. This analysis revealed that the IC~50~ values increased with increasing ATP concentrations, consistent with FL772 binding competitively with ATP, as also confirmed with the crystal structure of the S6K1/FL772 complex. Interestingly, the IC~50~ ranged from 3.91 nM at 1 μM ATP to only 25.79 nM (a 6-fold increase) at 500 μM ATP, suggesting that S6K1 binds ATP relatively loosely and that FL772 is likely to displace ATP even at the higher physiological concentration of ATP. On the basis of these accumulated data, we propose that FL772 is unable to inhibit S6 phosphorylation in human cells because S6 is phosphorylated by the uninhibited S6K2.

S6K1 is closely related to S6K2, sharing 83% sequence identity in the catalytic domain.^[@ref32]^ A study involving S6K1/2 knockdown in mice suggests that both S6K1 and S6K2 are required for full phosphorylation of S6 but that S6K2 may be the more important of the two for phosphorylation of S6.^[@ref30]^ The MEK inhibitor AZD6244 showed additive effects on decreasing the phosphorylation of S6 in vitro when treated in combination with siRNA inhibition of both S6K1 and S6K2 combined, indicating the importance of S6K2 in the phosphorylation of S6.^[@ref33]^ Furthermore, while normal tissues often express low levels of S6K2, overexpression of S6K2 is more common than overexpression of S6K1 in cancer cells.^[@ref34]−[@ref37]^ Taking these data together suggests that targeting S6K2 either alone or in combination with S6K1 inhibition may be a more viable option for direct S6 inhibition in melanoma and potentially other cancers.

Despite the similarities in the catalytic domain, homology modeling between S6K1 and S6K2 indicates an important difference in residue Tyr-174 that plays an important role in FL772 binding and is a cysteine in S6K2.^[@ref38]^ This residue is located in the hinge region of S6K1 and makes an important van der Waals interaction with the methyl group of the secondary amine, which would not be made with a cysteine residue, suggesting that FL772 may not be a potent inhibitor for S6K2. Indeed, we confirmed in our study that FL772 inhibits S6K2 more than 100-fold more poorly than S6K1. The lethality of S6K1^--/--^/S6K2^--/--^ knockout mice^[@ref30]^ implies that S6K2 targeting may need to be selective for therapeutic value. To date, there are no commercially available S6K2-selective inhibitors, indicating a potential target for the next series of organometallic ruthenium inhibitors. Taken together, the studies reported here provide a potent and selective S6K1 inhibitor that should be useful to probe S6K1 function and as a starting point for the development of efficacious S6K inhibitors for therapeutic use.

Experimental Section {#sec4}
====================

Protein Kinase Profiling {#sec4.1}
------------------------

Protein kinase profiling of EM5 was performed with the Millipore KinaseProfiler in a panel of 263 human protein kinases. Percentage of kinase activities were determined for EM5 and EM6 at 100 nM in the presence of 10 μM ATP. Measurements were performed in duplicate, and the average was taken. Kinase profiling of FL772 was performed with the DiscoveRx Kinome Screen using a panel of 456 kinases. Active-site-directed competition binding was determined in the presence of 100 nM FL772. See the [Supporting Information](#notes-2){ref-type="notes"} for more details.

Synthesis of EM5, EM6, and FL772 {#sec4.2}
--------------------------------

EM5 and EM6 were synthesized in analogy to related compounds reported.^[@ref39]^ A detailed synthesis and characterization of FL772 is provided in the [Supporting Information](#notes-2){ref-type="notes"}.

Cloning, Expression, and Purification of S6K1 Constructs {#sec4.3}
--------------------------------------------------------

Full length human S6K1 cDNA (1--525) was purchased from Epitope (catalogue number IHS1380-97652397). S6K1 constructs (84--384, 1--421, 1--421 T412E) were subcloned into the pFASTbac HTB vector for protein expression. Sf9 cells were transfected with the recombinant bacmid DNA using Cellfectin (Invitrogen). Cells were harvested after being incubated for 48 h at 28 °C and stored at −80 °C. The 1--421 T412E construct was coexpressed with PDK1 to phosphorylate the T412E residue (cloned from cDNA purchased from OpenBioSystems). Frozen pellets of the S6K1 kinase domain, S6K1(84--384) used for crystallography were resuspended in sonication buffer (50 mM KPi, pH 7.0, 250 mM NaCl, 5% glycerol, 1:1000 PMSF) and sonicated at a power output of 5.5 for 120 s with 20 s intervals (Misonix Sonicator 3000). Lysates were cleared by high-speed centrifugation at 18 000 rpm for 35 min at 4 °C. Equilibrated Talon metal affinity resin (Clontech) was added to cleared lysates and incubated at 4 °C for 1 h with gentle shaking. The resin/lysate mixture was loaded into a gravity flow column, and the resin was extensively washed with wash buffer (50 mM KPi, pH 7.0, 250 mM NaCl, 5% glycerol). Protein was then eluted with elution buffer (50 mM KPi, pH 7.0, 250 mM NaCl, 500 mM imidazole, and 5% glycerol) in a single step. Pooled Talon eluent was diluted 3.5-fold in dilution buffer (50 mM KPi, pH 7.0, 5% glycerol) and loaded onto an SP anion exchange column pre-equilibrated with buffer A (50 mM KPi, pH 7.0, 50 mM NaCl, 5% glycerol). Protein was eluted with buffer B (50 mM KPi, pH 7.0, 500 mM NaCl, 5% glycerol) in a single step. Elution after the Q column was concentrated and loaded to a Superdex s200 column equilibrated with 50 mM Na citrate, pH 6.5, 300 mM NaCl, 1 mM DTT, 5% glycerol. The eluent was collected and concentrated to 3 mg/mL before protein was flash frozen in dry ice and stored at −80 °C. Purification of the 1--421 T412E construct was completed as above, with gel filtration on the Superdex s200 column using a buffer containing 25 mM Tris, pH 7.5, 200 mM NaCl, 1 mM EDTA, and 5% glycerol.

Cloning, Expression, and Purification of S6K2 Construct {#sec4.4}
-------------------------------------------------------

Full-length human S6K2 cDNA was purchased from GE Healthcare Dharmacon (RPS6KB2, clone identification number 2959036). The S6K2 1--423 construct, equivalent to S6K1 1--421, was subcloned into the pFASTbac HTB vector for protein expression. Sf9 cells were transfected and grown as described above. The construct was coexpressed with PDK1, similar to the S6K1 construct. Frozen pellets were purified identically to the S6K1 1--423 T412E pellets.

Radioactive Kinase Assay {#sec4.5}
------------------------

Each reaction mixture contained 5 μL of 5× reaction buffer (100 mM MOPS, pH 7.0, 150 mM MgCl~2~), 2 μL of inhibitor in 50% DMSO, 3.6 μL of S6K1 substrate peptide (RRRLSSLRA), 1 μL of BSA (20 mg/mL), 3.2 μL of S6K1 (concentration as described in [Results](#sec2){ref-type="other"}), and 5 μL of ATP/ATP\* mix (concentration as described in [Results](#sec2){ref-type="other"}) in a total reaction volume of 25 μL. Reaction mixtures were incubated for 1 h at room temperature before being transferred to Whatman paper and washed with 0.75% phosphoric acid. Data were collected using a scintillation counter. All experiments were performed in triplicate. IC~50~ values were determined using sigmoidal dose response with a variable curve in Prism, version 5.

Crystallization and Structure Determination {#sec4.6}
-------------------------------------------

The S6K1 kinase domain crystals were obtained using room temperature hanging drop vapor diffusion by mixing equal volumes of protein (15 mg/mL) preincubated with 1 mM staurosporine with 20--25% (w/v) PEG335, 0.1 M Bis-Tris (pH 5.5--5.7), and 0.2 M LiSO~4~. Following the growth of crystals, crystal soaking was carried out by incubation with a final inhibitor concentration of 1 mM in cryoprotectant containing the well solution and 15% (w/v) glycerol for 4 h to overnight and flash frozen in liquid nitrogen. Diffraction images were collected at APS beamline 23ID with a 5 μm microbeam. The structures were determined by molecular replacement using the reported S6K1/staurosporine complex (PDB accession code 3A60) as a search model with the staurosporine removed from the coordinate file and refined with CNS and Coot. The inhibitors were modeled last into the refined structures. Simulated annealing omit maps were employed to unambiguously confirm the modeled inhibitors. For the EM5-soaked crystals, this revealed that one protein molecule in the asymmetric unit was bound to staurosporine while the other protein molecule was bound to EM5. For the FL772-soaked crystals, the asymmetric unit contained a single, domain-swapped monomer and only the FL772 inhibitor was modeled in the binding site. The structures were refined to convergence with a final *R*~work~ = 19.15% and *R*~free~ = 22.21% for the S6K1/EM5 structure and a final *R*~work~ = 20.63% and *R*~free~ = 23.01% for the S6K1/FL722 structure with excellent geometry (Table [1](#tbl1){ref-type="other"}).

Cell Culture and Western Blotting {#sec4.7}
---------------------------------

Human cell lines were cultured in RPMI (10-040-CM; Cellgro) supplemented with 5% fetal bovine serum and harvested at 70% confluence. For immunoblotting, cells were treated for the specified times with the indicated drugs, washed with cold phosphate buffered saline (PBS) containing 100 mM Na~3~VO~4~, and lysed using TNE buffer (150 mM NaCl, 1% (v/v) NP-40, 2 mM EDTA, 50 mM Tris-HCl, pH 8.0) supplemented with protease inhibitors (11697498001; Roche). Proteins were separated by SDS--PAGE and transferred to nitrocellulose membranes (9004700; BioRad). After blocking for 1 h in 5% (wt/vol) dry milk/Tris-buffered saline (TBS)/0.1% (v/v) Tween-20, membranes were incubated overnight at 4 °C with primary antibodies followed by incubation with Alexa Fluor-labeled secondary antibodies (IRDye 680LT goat-anti-mouse or IRDye 800CW goat-anti-rabbit antibodies (LI-COR Biosciences) for 1 h. β-Actin (A5441) and vinculin (V9131) antibodies were obtained from Sigma. p-AKT (4056, 4060), S6 (2317), p-S6 (4858, 5364), S6K1 (2708), p-S6K1 (9234), p-eEF2k (3691), peIF4B (3591), and cleaved PARP (5625) were obtained from Cell Signaling Technologies. Fluorescent images were acquired and by LI-COR Odyssey Imaging System.

Yeast Cell Culture and Lysis {#sec4.8}
----------------------------

Overnight cultures of wild-type yeast cells (BY4742) were diluted in synthetic complete (SC) medium and regrown at 30 °C to early log phase (OD~600~ of 0.2). FL772 was added to an aliquot of culture to the final concentration of 1, 10, 100, and 1000 nM. The treated cultures were further grown at 30 °C for 4 h before harvesting. A culture of *sch9*Δ cells (KS68) was grown and harvested in parallel as a control. Yeast cell pellets were lysed by spinning down cultures at ∼3000 rpm for 3 min at 4 °C, washing with ice-cold water, and broken in lysis buffer as previously described.^[@ref40]^ Whole cell extracts were separated on a 4--12% Bolt gel with MOPS running buffer (Life Technologies), followed by transfer to a PVDF membrane in a Mini Trans-Blot cell (Bio-Rad) at 20 V overnight. The blot was blocked with 3% BSA at room temperature for 2 h and then at 4 °C for 4 h, followed by incubation with primary antibodies, Phospho-S6 (Cell Signaling, catalog no. 2211, 1:1000 dilution), and GAPDH (Thermo, catalog no. MA5-15738, 1:1000 dilution) at 4 °C overnight. Incubation with secondary antibodies (anti-rabbit-DyLight-680 and anti-mouse-DyLight-800, Pierce, 1:10000 dilution) was carried out at room temperature for 1 h before imaging with Li-Cor Odyssey.

Two additional figures illustrating the activity of the EM5 analogs against S6K1 and the activity of FL772 at varying ATP concentrations, details on the synthesis of compounds, the crystal structure of the precursor compound of FL772, the structural overview of second generation organometallic S6K1 inhibitors, kinase profiling data for EM5, EM6, and FL772, and additional references. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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The coordinates and structure factors for the S6K1/EM5-staurosporine and S6K1/FL772 structures have been deposited into the Protein Data Bank (PDB) under accession numbers 4rlo and 4rlp, respectively.
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